Co and Mn ions were implanted into n-type ZnO thin films with different electron carrier concentrations. X-ray diffraction measurements show that the ZnO:Co and ZnO:Mn thin films are of high crystallinity. From magnetization measurements, ferromagnetism was observed in both n-type ZnO:Co and n-type ZnO:Mn thin films with Curie temperatures well-above room temperature. Furthermore, the electron carrier concentration dependence of the saturated magnetization was measured in both types of thin films, and our results support an electronmediated mechanism for ferromagnetism in ZnO:Co, as predicted by theory. However, our measurements seem to contradict theory for ZnO:Mn, which only predicts long-range ferromagnetism for p-type mediated material.
ZnO thin films using a Bruker D8 Advance x-ray diffractometer. Secondary ion mass spectroscopy (SIMS) measurements were performed to characterize the Mn ion profile in the ZnO film using a PHI ADEPT-1010 Dynamic SIMS system. The magnetic properties were measured by a QUANTUM DESIGN MPMS-XL SQUID magnetometer with an in-plane geometry (i.e., magnetic field parallel to the film) for all samples.
DISCUSSION Structural properties
Figures 1(a)-(c) show the XRD spectra of ZnO (sample A) before implantation, ZnO:Co and ZnO:Mn thin films. Only the (11 2 0) peaks from the thin films are evident. The ZnO (11 2 0) peak at approximately 56.8˚ did not show any observable change after Coand Mn-implantation, indicating that the implantation process does not significantly degrade the crystallinity of the ZnO thin films. Furthermore, no Co-or Mn-related phase or compound peaks were detected in the XRD spectra in Fig. 1(b) within the detection limit of the system. Figure 2 shows the SIMS spectra of (a) the ZnO thin film (sample A), (b) and (c) ZnO:Co thin film before and after annealing (sample Co-A), and (d) and (e) ZnO:Mn thin film before and after annealing (sample Mn-A). As shown in figure 2(a), the concentrations of Zn and Ga are nearly uniform in the ZnO thin film before implantation. For the Co-and Mnimplanted samples in figure 2(b) and (d), the profile of the Co and Mn concentrations follow an approximate Gaussian distribution, which is a commonly found implantation profile. The Gaussian peaks are near the surface, which is intended as a result of a relatively small implantation energy to prevent a large amount of Co and Mn ions from reaching the sapphire substrate. The Co and Mn ions redistribute to a relatively uniform profile along the depth of the film after annealing at 900 ˚C for 5 minutes as shown in figure 2(c) and (e). Although most of Co and Mn ions are in the ZnO film layer, a small amount may still reach the sapphire substrate. Nevertheless, the density of the residual Co or Mn in the substrate is more than one order of magnitude smaller than the Co or Mn in the ZnO film layer. To remove any possible contributions from the substrates in the magnetic measurements, we first measured the ZnO:Co or ZnO:Mn film on the sapphire substrate. Then we completely etched away the ZnO:Co or ZnO:Mn layer and measured just the sapphire substrate. The magnetic response of the ZnO:Co or ZnO:Mn films was obtained by subtracting the two data sets. Figure 3 (a) shows the magnetic field dependence of the magnetization for a ZnO:Co thin film (sample Co-A) at 300 K with the data measured at 10 K are shown in the upper inset. The saturated magnetization value is approximately 4.6 µ B per Co ion, which is larger than previously reported [8, 23, 25, 26, 29, 36, 37] , but it is smaller than the giant magnetic moment (~6.1µ B per Co) observed in Zn 0.96 Co 0.04 O [12] . For metallic Co, the saturated magnetization is approximately 1.7 µ B per Co, a consequence of band ferromagnetism. The value we measured for the Co-implanted ZnO is midway between that calculated for isolated divalent Co ions with full angular momentum (i.e., gJ = 6 µ B ) and with the orbital angular momentum quenched (i.e., 2S = 3 µ B ), implying that the ferromagnetism of the samples is not associate with the metallic Co clusters. This is consistent with the XRD data. Thus, the ferromagnetism appears to arise from individual Co ions, which would be the case with a carrier mediated exchange mechanism. The temperature dependence of the magnetization of the ZnO:Co (sample Co-A) is shown in the bottom inset. No sharp decrease of the magnetization is observed up to 350 K temperature, indicating that the Curie temperature is well above room temperature. ]. The upper inset shows the magnetic field dependence of the magnetization on the same sample at 10 K, which shows a slightly larger coercivity than at 300 K (~70Oe vs. 40Oe). The bottom inset shows the temperature dependence of the magnetization measured from 2 K to 300 K. The magnetization is almost temperature-independent up to 300 K, indicating that the Curie temperature for this sample is also well above room temperature. It is known that neither Mn metal nor any oxide of Mn is ferromagnetic (e.g. MnO, MnO 2 , and Mn 2 O 3 ), except for Mn 3 O 4 , which has a Curie temperature around 45 K [1] . The Mn-implanted ZnO shown in figure 3(b) has a much higher Curie temperature than 45 K. So the possibility of ferromagnetism originating from segregated Mn or Mn related oxides can be excluded.
Magnetic properties

TABLE I
Electron carrier concentration of the ZnO thin films and the saturated magnetization of ZnO:Co and ZnO:Mn thin films. The data were measured at room temperature. Table I . The straight dashed lines shown in figure 5(a) and (b) are just guiding to the eye. The physical explanation of these results needs further clarification. From the experimental data, we found that the M S of both ZnO:Co and ZnO:Mn samples shows an electron concentration dependent behavior. That is a larger M S was observed in samples with higher electron concentrations. Based on the theoretical calculations [4] , the Mn-doped ZnO should be hole-mediated ferromagnetism. However, all the ZnO:Mn thin films that we studied are strongly n-type. We conclude that the ferromagnetic exchange inside these ZnO:Mn thin films is mediated by shallow donor electrons, similar to ZnO:Co films.
CONCLUSIONS
In summary, well-above room temperature ferromagnetism was observed in both ntype ZnO:Co and n-type ZnO:Mn thin films. The electron carrier concentration dependence of the saturated magnetization were found in both n-type ZnO:Co and n-type ZnO:Mn thin films, and this provides strong experimental evidence for an electron-mediated ferromagnetism exchange in both ZnO:Co and ZnO:Mn materials.
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